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Abstract 
Lightning in the comma-head region of winter cyclones is a relatively rare phenomenon. The 
nature of the electric charging in wintertime precipitation bands is unknown. During the ProfiLing Of 
Winter Storms (PLOWS) project, the surface electric field was measured using an electric field mill 
(EFM) during band passages during two cyclones on 24 November 2009 and 9 December 2009. The EFM 
was collocated with the University of Alabama Huntsville Mobile Integrated Profiling System (MIPS) 
and was typically deployed under the comma-head. Included with the MIPS was a vertically pointed 
profiling radar that was used to derive signal-to-noise ratio, vertical radial velocity, and spectral width of 
the bands passing overhead.  
The 24 November 2009 cyclone featured a band around 1400 UTC that produced 4 lightning 
strokes near the EFM. Each lightning stroke resulted in an instantaneous jump in the surface electric field, 
the magnitude of which diminished with increasing distance from the EFM. The profiler during the 
lightning indicated vertical radial velocity (W) values with the band approaching 4 m/s near cloud top and 
spectral widths (SW) exceeding 6 m/s in the same region. For the other bands and cells analyzed during 
the two cyclones when no lightning occurred, values of W and SW concurrently never reached these 
thresholds. The 9 December 2009 cyclone did not produce any lightning near the PLOWS equipment. 
However, bands in the convective region passing overhead resulted in fluctuations in the surface electric 
field when values of W and SW were both greater than 2 m/s in updrafts near cloud top. The magnitude 
of the fluctuations increased with increasing values of W and SW. 
A climatology of 22 storms over 4 winter seasons was developed looking at lightning stroke 
locations in the comma-head. The ratio of distance from the comma-head/dry slot interface divided by the 
total width of the comma-head was calculated for each lightning stroke. The storms were then grouped 
based on the mean location within the comma-head of most of the lightning. The climatology showed that 
16 out of 22 cyclones had most of their lightning in the equatorial/southern region of the comma-head, 
with most of the lightning occurring with dry slot convection, or along the interface between the dry slot 
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and the comma-head. When lightning occurred further north, it was comparatively infrequent and 
isolated. 
  
iv 
 
ACKNOWLEDGMENTS 
I would like to extend his sincerest gratitude in thanksgiving for all of the people who helped this 
project reach its conclusion. First and foremost is my adviser Bob Rauber, who provided wisdom and 
guidance for the project throughout the 3 years the project has been conducted. Thank you so much to 
Greg McFarquhar and Brian Jewett for their input and guidance during our weekly PLOWS meetings.  
My greatest heartfelt thanks goes to my parents and my brother, Kevin, for all their love and 
support in helping me achieve this goal of completing my Masters Degree project. 
I would also like to thank my many colleagues, who put in countless hours of effort towards 
making this project successful, especially: Steve Battaglia, who worked on two of the winter seasons of 
lightning locations used in the climatology, David Plummer for his hours of helping me make MATLAB 
make many of the figures shown in this thesis, Robert Jackson for his helping me make initial sense of the 
MATLAB code to view the electric field mill data, Melissa Peterson for helping with generating the 
instability figures, Andrew Rosenow for his consistent support, Jason Keeler for his friendship and 
helping me decide to initially come to the University of Illinois, and the rest of my friends and colleagues 
in the Department of Atmospheric Sciences. 
I would like to also extend my thanks to the staff at the National Center for Atmospheric 
Research Environmental Observing Laboratory, particularly Dr. Alan Schanot and the Research Aviation 
Facility staff for their efforts with the C-130, Dr. William Brown and the staff of the In-situ Sensing 
Facility for their help with the MISS deployment, Prof. Kevin Knupp and the staff of the University of 
Alabama Huntsville for their assistance, and Prof. Pat Market of the University of Missouri for the 
lightning data and assistance in analysis.  This work was funded under National Science Foundation 
Grant AGS-0833828 
  
v 
 
Table of Contents: 
Chapter 1: Introduction .................................................................................................................... 1 
Chapter 2: Literature Review ........................................................................................................... 3 
2.1 Microphysical Characteristics of Electric Charging ..................................................... 3 
2.2 Elevated Convection and Instability and their Relation to Charging ............................ 5 
Chapter 3: Methodology .................................................................................................................. 8 
Chapter 4: Results .......................................................................................................................... 10 
 4.1 Clinton, IA- 09 December 2009 Cyclone (IOP-10) .................................................... 10 
4.2 Maxwell, IA- 24 November 2009 Cyclone (IOP-8) ................................................... 14 
4.3 Climatology of Lightning Stroke Locations within the Comma-Head ....................... 18 
Chapter 5: Conclusions .................................................................................................................. 23 
Chapter 6: Bibliography ................................................................................................................. 26 
Chapter 7: Figures .......................................................................................................................... 28 
1 
 
Chapter 1: Introduction 
Lightning in the comma-head regions of winter cyclones occurs several times each year over the 
continental United States. However, as compared with other weather phenomena, wintertime convection 
in the comma-head has not been widely studied. Previous studies of lightning in the comma-head regions 
of winter storms focused on correlating lightning occurrence to precipitation maxima (Crowe et al. 2006), 
and a few case studies of individual events have been conducted (Holle and Watson 1996, Orville 1993, 
Stuart 2001, Ebert 2004, Pettegrew 2009, and Halcomb 2001), but questions remain regarding charging 
and its relationship to convection in the comma-head regions of winter cyclones. 
 The occurrence of lighting is related to the rate of ascent of the air within the convection 
producing the lightning, which in turn is related to the instability of the environment. The greater the 
instability, the better the chances that strong updrafts that form in that environment can support long-lived 
deep convection. Wintertime convection develops in an environment that is usually more stable than 
convection found in summer. Thus, with most winter convection in the comma-head region, there usually 
are just a few lightning strokes and the convection only briefly produces lightning discharges. What are 
the environmental conditions necessary for lightning generation in winter? The small time periods where 
lightning occurs implies that environmental conditions are just above the thresholds for lightning 
production and those minimum criteria may not be met for long. 
The Profiling of Winter Storms (PLOWS) project was conducted during the winters of 2008-2009 
and 2009-2010 targeting continental winter cyclones over the Midwest. The goals were to determine the 
thermodynamic and kinematic structures of frontal systems within the comma-head region, including the 
distribution of moisture and vertical motion, and the instabilities controlling the generation and evolution 
of precipitation substructures. Instrumentation was provided by several collaborating universities, 
including the University of Alabama-Huntsville, which provided the Mobile Alabama-X-band (MAX) 
Doppler radar, and the Mobile Integrated Profiling System (MIPS). The MIPS included an Electric Field 
Mill (EFM) used in the lightning study in this paper, a 915 MHz profiling radar, and surface 
meteorological equipment. The University of Missouri-Columbia provided a sounding system, launching 
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balloons every 2-3 hours during many of the Intensive Operation Periods (IOPs). The EFM measures the 
surface electric field in the vicinity of the instrument. The 915 MHz profiling radar is vertically pointing 
and measured signal-to-noise ratio (SNR), radial velocity, and spectral width to ascertain the vertical 
development of precipitation bands that passed overhead. 
The goals of this thesis are as follows: 
1. Conduct two case studies of PLOWS storms to relate electric field measurements to convective 
signatures. One case has lightning occurring nearby, the other without lightning nearby. Both 
experienced charging during band passages. In these case studies, the surface electric field measured 
by the EFM will be related to the vertical convective structure seen on the 915 MHz profiling radar, 
and the lightning that occurred as detected by Vaisala Inc.‟s National Lightning Detection Network 
(NLDN). 
2. Develop a climatology of lightning within the comma-head for four seasons of winter storms. This 
climatology will address where within the comma-head region the lightning occurs. 
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Chapter 2: Literature Review 
2.1- Microphysical Characteristics of Electric Charging 
The mechanisms responsible for the buildup of electric charge in clouds at the microphysical 
level are reasonably well-understood. Beard and Ochs (1986) described two primary processes that 
develop electrical fields in clouds that contain a combination of ice crystals, graupel, and supercooled 
water droplets: induction charging and interface charging. A third process mentioned was thermoelectric 
charging, which is the development of a temperature gradient between areas of differing charge due to the 
warming of the larger particles from the freezing of rime. However, thermoelectric charging was found to 
be insignificant because mixing makes it difficult for large temperature gradients to form between regions 
of particles. 
Interface charging involves the transfer of charge between particles with contact potentials (Beard 
and Ochs 1986). There are two types of interface charging that are hypothesized to be at work in the 
clouds: Charging due to impurities in the ice crystals, and charging due to temperature differences from 
phase changes. Interface charging is associated with collisions between rimed precipitation and ice 
crystals. It is the least understood and most complex of the charging mechanisms. 
Interface charging that results from impurities in the ice crystals involves various salts and other 
naturally occurring particles embedded in the ice crystals. These impurities cause localized regions of 
enhanced charge on the surface of ice particles, and increase the likelihood of charge transfer upon 
collision with rimed particles (Beard and Ochs 1986). This variant of charging was confirmed to occur in 
the laboratory by Buser and Aufdermaur (1977), who found it was dominant over thermoelectric 
charging. 
Interface charging resulting in from temperature differences between colliding particles was 
studied by Gaskell and Illingworth (1980) for a temperature range of -5 to -25ºC. They found that targets 
that were sublimating had a negative charge, while particles depositing had a positive charge. The amount 
of charge transferred during collisions was of much lesser magnitude (-.015 pC) for sublimating particles 
than depositing particles (.10 pC). This was caused by the large variability in surface features on each 
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particle undergoing deposition. Sublimating particles had smooth surfaces, and thus had a greatly reduced 
charge transfer.  
Induction charging occurs when two polarized particles collide with one another. Electrons 
transfer from the negatively charged particle, which is usually the smaller supercooled water droplet or 
ice crystal, to the positively charged particle, usually a graupel or larger ice pellet. Collisions between 
liquid drops are assumed to be significantly less common than collisions between ice pellets and 
supercooled water drops or ice particles due to vapor diffusion. Beard and Ochs (1986) found that 
collisions between two dry ice pellets are less than 1% as efficient at transferring charge as collisions 
between a wet graupel pellet and a liquid drop or ice crystal. A liquid-coated graupel pellet transfers 
charge equally well colliding with a supercooled water droplet or an ice crystal. The efficiency of charge 
transfer is dictated by collision angle, by the equation Q=12*cos(θ)πεor
2
E. Jennings (1975) and Gaskell 
(1981) found that the average collision angle for any supercooled water droplet collision with a wet 
graupel pellet was 70º. The average collision angle for any ice particle collision with a wet graupel pellet 
was 45º. Thus, the most significant buildup of charge results from collisions between large wet graupel 
pellets and relatively small ice particles by a factor of two over supercooled water droplets. Induction 
charging is an important source of charging in the cloud after an electric field has been established by 
interface charging. 
In their analysis of the importance of induction and interface charging, Beard and Ochs (1986) 
found that neither mechanism could conclusively be determined as the primary cause of charging in 
mixed-phase clouds. They also would not claim which version of charging was dominant. Induction 
charging is not especially strong in certain instances, especially with really large hail particles, due to a 
necessarily smaller number of particles in the cloud limiting the number of collisions. There is too much 
that is unknown about how interface charging changes with varying liquid water contents, temperatures, 
and other environmental variables to accurately determine which one is the primary charging mechanism. 
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2.2- Elevated Convection and Instability and their Relation to Charging 
Elevated convection (EC) is hypothesized here to be the process responsible for the generation of 
lightning in continental winter cyclones. EC has the potential to trigger cells and bands that form to the 
north of the cyclone center when the atmosphere is potentially unstable aloft. The literature concerning 
precipitation band formation is in general agreement that frontogenesis is the primary driver of the bands 
(Novak et al 2009, Nicosia and Grumm 1999, Martin 1998, Trapp et al 2001, Browning 1985, and Shields 
et al 1991). Nicosia and Grumm 1999 suggested in their analysis that bands formed due to large 
reductions in equivalent potential vorticity (EPV). They suggested that the instability that aided in band 
development was a combination of conditional instability (CI) and conditional symmetric instability 
(CSI). In cases where the two coexist, CI leading to upright EC and heavy snowfall rates dominated over 
CSI. Nicosia and Grumm also found that the reductions in EPV often coincided with the strongest 
frontogenesis regions, which acted as a positive feedback. The greatest instability occurred in the 
wraparound region closest to the dryslot, where upper level dry air advection further destabilized the 
atmosphere. The bands would then advect north and west, moving away from the strongest instability, 
weaken, and often cause sharp gradients in total snowfall on the northern and western edges of mature 
cyclones, presenting a major forecasting challenge. 
Bennetts and Hoskins 1979 described a three-step process by which bands develop. . First, there 
needs to be a moisture gradient in the direction of the thermal wind. The moisture gradient forms when 
dry air at mid-levels moves over moist air at lower levels. The wind shear necessary is present on the 
boundary between the two airstreams. Secondly, air is lifted sufficiently to become saturated and become 
conditionally symmetrically unstable. Third, their motion causes conditional gravitational instability at 
mid-levels in preferred linear regions, thus resulting in the strongly banded nature of the precipitation. 
This most unstable mode consisted of narrow updrafts in between broad downdrafts. Once the bands have 
formed, moist processes, particularly latent heat release, are thought to be critical to continued evolution 
of the bands and the cyclone as a whole (Reed and Kuo 1988, Davis 1992, and Stoelinga 1996). 
Modifying these steps, Novak et al 2009 found that the most likely stability state during band formation 
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was not CSI, but rather either weak stability or CI. CSI occurs 33-50% less often than CI in the comma-
head of northeast U.S. cyclones. 
A comprehensive climatology of EC was compiled by Colman 1990a. The study found that 
frontogenesis associated with a strongly baroclinic environment/inversion and midtropospheric warm air 
advection was conducive to the development of EC. The upstream air was buoyant, and the southward 
advance of cold Canadian air helped maintain the strongly baroclinic environment. The cessation of 
elevated thunderstorms occurred when frontolysis led to the dissolution of the frontal inversion through 
downward mixing. April is the month that elevated convection occurs most frequently due to the cold 
upper atmosphere, but also a strongly heated warm sector boundary layer that provides the warm and 
moist air advection above the cold frontal surface. However, the clashes of cold and warm air that spawn 
EC occur throughout the cold season, so elevated thunderstorms commonly occur outside of the peak 
month of April. 
There has been a growing debate in recent years as to which type of instability is responsible for 
most of the convection and snowband development in winter cyclones. Several observational and 
modeling studies have suggested that conditional symmetric instability develops slantwise convection, 
which is primarily responsible for bands (Colman 1990b, Williams 1991, Emanuel 1988); however 
several of the more recent studies have suggested that moist gravitational instability plays at least a minor 
role in the evolution of the strongest snowbands and upright convection (Market et al 2006, Moore et al 
2005, Nicosia and Grumm 1999, Schultz and Schumacher 1999, Cronce et al 2007). Schultz and 
Schumacher 1999‟s main point was that conditional symmetric instability (CSI) was often misunderstood, 
misinterpreted, or neglected by those who relied on it as an explanation for banded precipitation. Often 
soundings interpreted as having moist symmetric instability (MSI), were actually neutral or stable to 
moist slantwise ascent when the effects of water loading were included. The absence of MSI did not 
preclude formation of single or multiple-banded clouds and precipitation. Moore et al 2005 noted that 
midlevel dry air advection helped convectively destabilize the midtroposphere which played a very 
important role in steepening the slopes of the equivalent potential temperature surfaces. Market et al 2006 
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usually found CSI present in the winter storms, but when conditional instability (CI) was present, it 
dominated over the concurrent CSI. In fact, van den Broeke et al 2005 concluded that 100 J/kg or more of 
elevated convective available potential energy (CAPE), a warm LCL with a temperature greater than -
10ºC, and an equilibrium level (EL) colder than -20ºC were necessary ingredients for lightning, which 
can only occur in association with the strong upward air motion found in convection. 
The area of focus in the clouds when looking for lightning generation is just on the moist side of 
the gradient where values of relative humidity changed from greater than 90% to less than 70% at 850 
hPa, with a peak occurrence around dusk and dawn (Pettegrew et al 2008). Market and Becker 2009 
found the majority of lightning flashes to occur about 15 km downstream of the highest radar reflectivity 
with respect to snowband motion, and not with the highest reflectivity values. This is in contrast to 
Williams 1998 and Trapp 2001, who both claimed that lighting flash rates were maximized when the 
highest reflectivity core inhabited the mixed phase region. At that point, a large number of precipitation 
particles are colliding with one another at temperatures where charge transfer effectiveness is maximized, 
hence the peak in lighting occurrence. 
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Chapter 3: Methodology 
The goals of this project are twofold. The first is to analyze changes in electric charging as 
elevated convective cells and bands passed over the ground field equipment. The second is to develop a 
climatology of lightning locations in the wraparound regions of continental winter cyclones. 
 To accomplish the first goal, meteorological instrumentation was deployed at the ground as close 
to the wraparound region/dryslot interface as possible. The instrumentation included a suite called the 
University of Alabama at Huntsville‟s Mobile Integrated Profiling System (MIPS).The MIPS includes a 
915 MHz profiling radar and an electric field mill (EFM). The EFM was provided by the National Centers 
for Atmospheric Research. The instrument was made available without calibration. During the project, the 
MIPS profiler was operated in a three-beam mode with a dwell time of 20 seconds per beam, a gate 
spacing of 98 m, and 100 m range gates per dwell period. The vertical beam was sampled every other 
dwell period, producing a 40 second time interval between successive vertical beams.  The vertical beam 
of the profiler had a width of 9º, with the full power at zenith and half-power points at the nominal “edge” 
of the beam (4.5º), leading to a horizontal resolution at 2, 4, and 6 km altitudes of 310, 620, and 940 m. 
The profiler‟s products include signal-to-noise ratio (SNR), spectral width (SW) and vertical radial 
velocity (W).  The EFM measured the changes in the surface electric field as cells and bands passed 
overhead.  
W measures total particle velocity towards or away the vertically pointing profiler. The higher the 
upward values of W, the greater the intensity of the updrafts. SW is a measure of the variability of fall 
speeds of particles within the column. Higher spectral width implies either a greater spread in the size 
distribution of the particles, more turbulence within the cloud, or both. Variability in fall speeds results in 
a greater likelihood of particle collisions, which has the potential to enhance charging. SNR is a measure 
of power, similar to radar reflectivity, where higher values of SNR indicate a large fraction of the 
transmitted power is returned to the profiler, indicating higher concentrations and larger particles in the 
region. 
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RUC one hour forecast derived fields of equivalent potential temperature with respect to ice (θei) 
and relative humidity with respect to ice (RHi) were overlaid over the 915 MHz profiler data in a time 
height cross section to show the potential instability associated with the elevated convection. The RUC 
cross sections were made along a line parallel to the cell movement. A distance cross section from the 
RUC can be approximately overlaid on a time cross section from the stationary 915 MHz profiler. The 
two can be combined provided one assumes steady state movement of the precipitation features during 
the time period of the time section. To scale the two diagrams, the speed of the cell movement was used. 
This technique is most accurate where the forecast time of the RUC fields over the profiler site coincides 
in time with the profiler. 
The second goal was accomplished through the use of Vaisala Inc.‟s National Lightning 
Detection Network (NLDN), overlaid over archived U.S. base reflectivity mosaics of the National 
Weather Service‟s WSR-88D radars. The radar images used were the closest base reflectivity scans 
chronologically to the lightning strokes. The curved interface between the comma-head region and the dry 
slot (defined by the “southern” boundary of the reflectivity) was identified along the 15 dBZ threshold, 
ignoring local advances and depressions in the interface. The orientation of the interface was determined 
for each 5 minute scan. The distance from each individual lightning stroke to the interface was measured, 
at an orientation perpendicular to the interface. The distance from the interface across the entire comma-
head region was then measured along the same direction. The northern boundary was defined using the 
same 15 dBZ reflectivity threshold as the southern boundary. The ratio of the distance of the lightning 
from the dryslot compared with the width of the wraparound region was then determined. This was 
conducted to determine if lightning is favored closer to the dryslot, where potential and/or conditional 
instability is expected to be greater. 
The NLDN has a median location reporting error of only 500 m (Cummins et al. 1998). Biagi et 
al. 2007 found that CG strokes were detected by the NLDN in 71% of cases. The lightning strokes 
detected by the NLDN were assigned latitude-longitude coordinates based on the location they impacted 
the ground, and not where they originated in the cloud (Pettegrew 2008).  
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Chapter 4: Results 
Radar images of the comma-head in continental winter storms frequently have two types of 
organization. The equatorial/southern area is often characterized by disorganized cells, while the northern 
area appears as linear bands. Figure 1 is an example of this organizational pattern from the Chicago 
Blizzard of 2 February 2011. One of the PLOWS project‟s goals was to better identify the structures of 
the cells and bands that caused charging activity in winter storms. Two PLOWS case studies were 
conducted to examine changes in surface charging during cell and band passages. The two cyclones 
occurred on 24 November 2009 and 9 December 2009 over the Midwestern U.S. The PLOWS equipment 
was deployed near the comma-head region/dryslot interface for both cyclones, with both of the surface 
low pressure centers passing south and east of the PLOWS instrumentation. The 24 November 2009 
cyclone was a compact system, with the entire comma-head covering central Iowa. In contrast, the 9 
December 2009 cyclone‟s comma-head covered several Midwestern states and had more prominent 
convective and stratiform regions. 
 
4.1- Clinton, IA- 09 December 2009 Cyclone (IOP-10) 
The 9 December 2009 cyclone was a strong low pressure system that developed around 1200 
UTC 8 December 2009 in northeastern New Mexico. It formed ahead of a vigorous shortwave trough that 
moved eastward from the Rockies across the Plains on 8 December. Figures 2 and 3 show the evolution 
of this storm.  When it emerged on the Plains, the storm maintained its strength as it tracked over 
Oklahoma. Precipitation began over the PLOWS equipment in Clinton, Iowa around 1800 UTC 8 
December. The trough quickly became negatively tilted by 0000 UTC 9 December. A pair of jet streaks 
in the broad flow at 300 mb added to the upper level forcing for the storm. At 0000 UTC 9 December, the 
storm was centered over southwestern Missouri with a minimum central pressure of 995 hPa. By 1200 
UTC, rapid intensification occurred, with the minimum central pressure dropping 16 hPa in 12 hours. 
During this time the storm moved northeastward to near Chicago. The precipitation ended around 1800 
UTC 9 December in Clinton. The precipitation type varied between snow and sleet, with about 7 inches 
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of accumulation reported at the PLOWS site in Clinton. Areas farther west near Des Moines picked up 16 
inches of snow with locally higher amounts. Figure 4 is a map from the Midwestern NWS offices 
compiling all of the reported snowfall totals from this storm. 
Figure 5 shows a cross section of equivalent radar reflectivity factor from the Wyoming Cloud 
Radar through the cyclone of 9 December 2009. Fig. 6 shows the WSR-88D mosaic with the flight track 
of the C-130 for the flight leg superimposed. θei is depicted in the contours on Fig. 5. The poleward, 
stratiform region of the comma-head is on the left-hand side of Fig. 5, from 0250 to 0315 UTC. The 
clouds in this region extend from the tropopause just above 9 km to near the ground. The weak 
convection at cloud top is up to 1 km tall. The northern edge of the upper tropospheric dryslot, which is 
also the dividing point between the more stratiform and convective parts of the comma-head region is 
evident at 0315 UTC where the stratiform region gives way to convective towers rising through dry air 
within the dry slot. This convective region extends from 0315 UTC to 0345 UTC. The frontal surface in 
this figure is marked by the reduction in the gradient of the contours of θei. Elevated deep convection in 
this region often extends as much as four kilometers up from the frontal surface. Potential instability is 
created when the lower θei air from the dry slot moves over the moist air just above the frontal interface. 
The convection emerging at the northernmost extent of the radar-indicated dry slot labeled on the figure 
has maximum potential instability of approximately 2ºC/km. The potential instability decreases further 
north in the convective area of the wraparound region as the upper-level dry air is moistened by the 
emergent deep convection. On the WSR-88D radar, the edge of the dry slot would be identified as the 
southern edge of the convective region, at approximately 0345 UTC on the figure. The dry air at the 
southern edge of the convective region is much deeper, extending from 2 km AGL up to the tropopause. 
Dry slot air actually extends much farther north into the comma-head region. 
Figure 7 shows the entire storm‟s data from the MIPS profiler: W (Figure 7a), SW (Figure 7b), 
SNR (Figure 7c), and the EFM (Figure 7d).  The stratiform region with generating cells at cloud top was 
over the profiler from about 0700 UTC 8 December through about 0000 UTC 9 December. The 
convective region moved over the profiler from 0000 UTC 9 December through 0000 UTC 10 December. 
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Much of the lightning detected by the NLDN was too far away to be detected by the EFM, with the 
closest strokes at any time occurring about 80 km away in central Iowa. Other lightning closer to the nose 
of the dryslot occurred in southern Wisconsin with this storm. While the PLOWS equipment was in the 
stratiform region of the cyclone before 0000 UTC 9 December, bands of occasionally heavy snow and 
sleet did not have much effect in the surface electric field. As soon as the storm moved northeast far 
enough that the equipment was in the convective side of the wraparound region after 0000 UTC, the EFM 
detected large variations in the surface electric field. This convective region was characterized by stronger 
updrafts occasionally greater than 3 m/s above the frontal surface above 4 km AGL as shown by the 
profiler in Fig. 7a. 
Three separate times during the event were analyzed more closely to identify the features that 
caused variability in the surface electric field. One was during the time of the stratiform precipitation to 
analyze the structures of the stratiform region that led to no electric field fluctuations, as measured by the 
EFM. The second two times involved passage of convective cells over the PLOWS equipment in the 
convective part of the comma-head region. Figure 8 shows the profiler and EFM data from the stratiform 
region taken from 2200 through 2300 UTC 8 December 2009. Refer to figure 2b for the WSR-88D radar 
mosaic from this time. Figure 8d shows the EFM for the 2200 through 2300 UTC time period. It was 
essentially non-responsive during this phase of the storm, despite the moderate to heavy frozen 
precipitation.  The profiler suggests why there was no response from the EFM at this time. SW values in 
Fig. 8b show the stratiform nature of the precipitation with six distinct layers of variable particle size 
distributions and turbulence at this time. The top quarter of the cloud above 5 km AGL is the convective 
cloud top layer, where the snowflakes are produced. Despite cloud top being convective relative to the 
layers beneath it, compared with the convective half of the wraparound region, vertical radial velocities 
are very small, typically 1 m/s or less.  
By about 0220 UTC 9 December 2009, the convective side of the comma-head region moved 
over the PLOWS equipment in Clinton, IA. The echo tops in the profiler shown in Fig. 9 grew to almost 8 
km AGL, the stratiform layers of particles no longer appeared. The updraft speeds within the cloud 
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increased above 2 m/s, occasionally reaching 3-4 m/s. A corresponding response in the surface electric 
field measured by the EFM occurs as the band passed between 0230 and 0245 UTC. The radar imagery 
from this time, shown in Fig. 2c, indicates the apparent disorganized nature of the precipitation around the 
PLOWS instrumentation. Instead of linear bands like those further north, the convective region consists of 
pockets of cells. When the largest particles formed near cloud top just after 0230 UTC 9 December, their 
falling through the cloud around 0238 UTC elicited the greatest response from the EFM. These large 
particles falling through the cloud are indicated by the sharply more negative W values around 2.5 km to 
near -4 m/s, increased SW values, and higher SNR values all in the same region on all three profiler 
panels of Fig. 9. 
A further analysis of the cells that passed near the PLOWS equipment at 0200 UTC 9 December 
was conducted to determine other atmospheric conditions at that time. Using the Rapid Update Cycle 
(RUC) model‟s 1 hour forecast from the 0100 UTC run on 9 December, cross sections of RHi and θei 
were developed, as shown in Fig. 10. RHi was used to determine if the atmosphere was saturated in the 
region of potential instability, as measured by θei. These plots were overlaid on SNR from the profiler at 
the time of the band. In order to make the comparison between a RUC cross section that is taken across a 
distance, with the stationary profiler, which measures the band properties as they pass over the profiler in 
time, the speed and direction of the cell/band movement was determined and a steady state assumption 
was employed. The orientation of the cross section was determined by aligning the cross section along the 
direction of movement of the cells passing over the PLOWS equipment. The direction of band movement 
was towards 305º. The larger the distance from 0, the greater the error, since the RUC profiles are taken 
everywhere at 0100 UTC, but the profiler records the bands in time. Dry air associated with the advancing 
dry slot is creating the potential instability that allows for the convection to emerge out of the lower-level 
moisture. The maximum potential instability in the convection at -30 km/0230 UTC is approximately 
1ºC/km at approximately 4.5 km AGL. The environment is potentially unstable with respect to ice from 
approximately 4 to 6 km AGL. The environment the convection emerges from above the upper level front 
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at about 3 km AGL is supersaturated with respect to ice so the ingredients for potential instability to exist 
are in place. 
The third time period, chosen because of large EFM activity was between 0415 and 0545 UTC 9 
December, is shown in the panels of Fig. 11. The cells that moved over the PLOWS equipment did not 
have high SW values, averaging approximately 3 m/s as shown in Fig. 11b. When spectral width values 
spiked above 5 m/s, and W peaked around 3 m/s in the upper part of the cloud at 0530 UTC, the EFM had 
the largest response of any other time shown in Fig. 11. Throughout the time period, even when SW was 
less than 4 m/s, W values approaching 2 m/s near cloud top indicated the updrafts were strong enough to 
produce enough charged precipitation to generate a response in the surface electric field. The University 
of Missouri sounding shown in Fig. 12 launched from the site indicates that there may have been a near-
freezing layer near 2 km, which explains the bright band layer seen in Fig. 11b. Striations of falling 
precipitation are evident in the SNR in Fig. 11c from about 0500 through 0545 UTC coincident with the 
largest variability in the surface electric field seen in Fig. 11d. Similar cloud structures were seen each 
time there was a significant variability in the surface electric field measured by the EFM.  
 
4.2- Maxwell, IA- 24 November 2009 Cyclone (IOP-8) 
The 24 November 2009 cyclone formed in northeastern New Mexico at 1200 UTC 23 November. 
Figure 13 is a time-stepped series of radar mosaic images of the storm from 0000 UTC 24 November 
(panel a) through 0000 UTC 25 November (panel d). Figure 14 is the MSLP overlaid with 700 hPa 
relative humidity for those same four times. The red dot on each figure is where the PLOWS 
instrumentation was deployed in Maxwell, IA. The cyclone formed as a shortwave trough in the jet 
stream moved south and east from the Rockies out over the central Plains. The progression of the 500 mb 
shortwave trough is shown in Fig. 15. The small cyclone quickly moved northeastward towards the 
PLOWS instrumentation deployed near Maxwell, IA, which is about 30 km NNE of Des Moines. In 12 
hours, the cyclone propagated about 700 km eastward to near Wichita, KS. In the upper levels, the 
divergence east of an upper level shortwave trough that aided in the initial cyclogenesis moved away from 
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the surface circulation by 12 UTC 24 November. The trough moved over the surface cyclone, making it 
vertically stacked and preventing any further intensification. The center of circulation was located in 
northwestern Missouri at 12 UTC 24 November, and precipitation first began around this time at the 
deployment site in Maxwell as evidenced by the reflectivity returns on the KDMX WSR-88D radar. The 
central pressure was 1007 mb at this time. The surface cyclone rapidly decreased its forward speed 
between 12 UTC 24 November and 00 UTC 25 November, only moving from northwestern Missouri to 
eastern Iowa. The low degenerated into an open wave at 12 UTC 25 November as it drifted northeastward 
over Lower Michigan. All the precipitation that reached the ground during this cyclone was in the form of 
rain. 
Cells and bands of precipitation passed over the PLOWS equipment from about 1000 through 
1430 UTC, and again from 1730 through 2230 UTC 24 November 2009. Figure 16 shows the W, SW, 
and SNR outputs from the MIPS 915 MHz profiler and the EFM for the time the EFM was activated. The 
EFM data are shown on Fig. 16d. Note from Fig. 16 that when there was no precipitation, or it was light, 
there was no charge response from the EFM. The 24 November 2009 event was much shorter duration 
than the 9 December 2009 storm, so only two periods of precipitation were analyzed more closely: the 
periods 1230 through 1430 UTC and 1730 through 2000 UTC. The first round of precipitation was 
associated with a single band moving northward and located northeast of the center of circulation. The 
band moved over the ground site around 1400 UTC. The radar from 1405 UTC is shown in Fig. 17a. A 
second band moved over the profiler from 1730-2230 UTC. The radar at 2000 UTC is shown in Fig. 17b. 
The profiler and EFM data are not shown after 2100 UTC because the EFM shut off around 1935 UTC. 
Although the comma-head of this storm covered a much smaller area of the country and the minimum 
central pressure was approximately 26 hPa higher than the 9 December 2009 cyclone when the center 
made its closest approach to the PLOWS equipment, this cyclone produced over 100 more lightning 
discharges near the PLOWS equipment. 
Figure 18 shows W, SW, and SNR from the profiler and the EFM in kV/m, respectively for 1230-
1430 UTC 24 November. The panels are aligned vertically with the same two hour time frame as the x-
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axis in all panels. The temperatures on the SW plot indicate the levels of the 0, -10, and -20ºC isotherms 
from the closest PLOWS sounding. The bright band is evident around 1.5 km AGL throughout this two 
hour time period.  This is indicated by the large increase in downward speed of precipitation particles 
below the melting level in Fig. 18a. The EFM began reacting to the band‟s approach around 1305 UTC 
when an area of heavier rain moved over the equipment, as shown by the higher SNR values in the lowest 
1.75 km below the bright band at that time. The main band moved over the profiler around 1337 UTC, 
and was marked by a large jump in the electric field with its onset from 0.4 to 1.4 kV/m. The movement 
of cells within the main band indicated changes in the electric field from the band‟s onset through its 
conclusion around 1415 UTC. While moderate rain fell with the main band around 1400 UTC, it only 
lasted 15 minutes. There were four distinct lightning strokes that occurred between 1400 and 1415 UTC 
within a 25km radius of the PLOWS EFM. Seven flashes occurred in concurrence with those strokes 
within that 15 minute time frame.  
The first stroke, which occurred at 1401 UTC, was a cloud-to-ground stroke (CG) that hit the 
ground within 100 m of the EFM and the PLOWS equipment. This stroke was concurrent with large 
increases in the upward vertical velocity in the top quarter of the cloud, large increases in SW throughout 
the top half of the cloud, and increases in SNR above the melting level to 40 dB. These features indicate a 
strong cell with large variations in particle size and intensity. The closest sounding temperatures shown in 
the SW plot on Fig. 18b show that the high SW values extend throughout the charging layer between 0 
and -20ºC. SW values peak above 6 m/s near cloud top at 1405 UTC, which the sounding indicates was 
colder than -30ºC (Fig. 19). Thus, sufficient charge buildup was possible to produce lightning. The EFM 
responded with a large fluctuation in the electric field at the moment of the stroke. The second stroke 
recorded by the EFM was at 1404 UTC. That stroke was recorded by the NLDN as an intercloud (IC) 
stroke that occurred close to the EFM, with the associated CG stroke occurring about 25 km to the 
southwest. The third stroke occurred at 1408 UTC, and was also an IC stroke close to the EFM. By 1408 
UTC, the large precipitation particles that formed at the top of the cloud fell out, as noted the large SW 
values lowering towards the ground shown in Fig. 18b. The fourth and final stroke at 1410 UTC had a 
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much smaller reaction in the EFM than the other strokes did because it was solely an IC stroke that 
occurred about 10 km away from the instrument with no extension of the stroke occurring closer to the 
EFM. This last stroke showed the approximate distance the surface electric field is affected by a lightning 
stroke, since the effect the lightning had on the EFM measured surface electric field was just large enough 
to react above the noise. 
A similar RUC analysis to that described with the band passage at 0200 UTC 9 December 2009 
in the previous cyclone was conducted with the band that produced the lightning between 1400 and 1415 
UTC 24 November to determine other atmospheric conditions at that time. Using the Rapid Update Cycle 
(RUC) model‟s 1 hour forecast from the 13 UTC run on 24 November, cross sections of RHi and θei were 
developed, as shown in Fig. 20. The band was moving at 40 km/hr towards 340º along the cross section. 
The figure is aligned with 340º on the left hand side (positive distance) of both diagrams and 160º on the 
right hand side (negative distance). The figure also shows the time from the profiler. The larger the 
distance from 0 (1400 UTC) in the center of Fig. 20, the greater the error, since the RUC profiles are 
taken everywhere at 1400 UTC, but the profiler records the bands in time.  The front is at about 1.5 km 
AGL. Convection emerging into the dry slot above the front is passing through an environment that is 
about 90% saturated with respect to ice. The primary band was about 3 km south of the profiler at 1400 
UTC. The first lightning to strike near the profiler occurred at 1401 UTC.  The instability peaked at 
2ºC/km, and θei decreases with height over 3 km vertical distance between 1.5 and 4.5 km AGL, which is 
a larger area of instability than the 0200 UTC 9 December 2009 band.  The advancing and deepening 
layer of dry air in the middle troposphere effectively inhibited convection from forming SSE of this main 
band, though low level moisture remained present. 
The second band to pass over the PLOWS equipment during this cyclone came through from 
1730 through 2230 UTC.  The first half of that band passage is shown in Fig. 21. The radar mosaic from 
this band at 2000 UTC is shown in Figure 17b. The bright band remains unmistakable in the W plot in 
Fig. 21a at just above 1 km. While the EFM was operating, the greatest response in the surface electric 
field occurred when there was a local maximum in SW above the bright band between 2-3 km AGL, 
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indicating a greater variety of particle sizes and/or more turbulence in the column between 1900 and 1930 
UTC. W values at this time peaked at about 2 m/s. Lightning did not occur near the PLOWS equipment 
during this time, and the generally smaller values in W, SW, and SNR suggest that the charge separation 
responsible for the lightning discharge with the first band of precipitation was not as significant with this 
band. The nearest NLDN detected lightning during this time within the same band was about 80 km away 
from the PLOWS equipment. 
 
4.3- Climatology of Lightning Stroke Locations within the Comma-Head 
In addition to the case studies, lightning climatologies were also conducted using NLDN data for 
all of the PLOWS cyclones from February 2009 through March 2010, and also the entire winters 2007-
2008 and 2010-2011. The climatologies were conducted to determine if a broad scale pattern exists with 
lightning within the comma-head of continental winter cyclones beyond the case studies of two events. 
Four winter seasons of NLDN lightning stroke and flash locations were compared with a mosaic of 
National Weather Service WSR-88D radar imagery provided by the University of Iowa Environmental 
Mesonet. The goal of the study was to determine if lightning is favored on the dry slot side of the comma-
head, as the case studies suggest. 
A climatology of lightning locations was developed in conjunction with WSR-88D radar 
reflectivity imagery using Google Earth. Figure 22 steps through the process to determine the location of 
one stroke relative to its position across the radar echo region of the comma-head. The process illustrated 
on Fig. 22 was repeated for all lightning strokes in each of 22 cyclones. To conduct the climatology, radar 
mosaic data were first retrieved from the „RADAR & Satellite‟ tab at Mesonet.agron.iastate.edu. Then, 
the current radar data overlaid in kmz format in Google Earth was retrieved from 
http://www.srh.noaa.gov/ridge/kmzgenerator.php. To align the images in space, the boundaries of the 
NWS radar were changed to match the GIS coordinates used with the Iowa State archive. The boundaries 
were changed to:  
North:  49º30‟23.85” N South: 24º41‟9.14” N East: 66º 12‟ 4.58” W West: 125º40‟13.35” W. 
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The NLDN lightning data was translated into a format readable by Google Earth and overlaid on the radar 
to get an image such as Fig. 22a, which is an example from the 11 February 2009 storm, the most 
electrically active storm analyzed for the lightning climatology. 
To measure the lightning positions, first the orientation of the dry slot-comma-head interface was 
estimated, ignoring small scale fluctuations in the broad interface, as shown in Fig. 22b. The orientation 
of a line (A) drawn parallel to the dryslot/wraparound interface was noted, in this case, 183.1º. Next, the 
plot was zoomed in to the lightning stroke to be analyzed. The distance, B, was measured from the 
southern tip of the lightning stroke symbol, which is where the lightning was reported, to line A along and 
perpendicular to line A, as shown in Fig. 22c. For the example CG stroke with a -4.00 polarity in Fig. 
22c, B= 16.14 km. For each lightning stroke, small perturbations in the interface were taken into account 
to measure distance B. Keeping the same orientation, the distance across the entire comma-head region, 
C, was then measured (Fig. 22d). For the example in Fig. 22d, C= 392.35 km. The reflectivity threshold 
for both boundaries was 15 dBZ. The ratio D=B/C, the distance measured from the lightning stroke to the 
dryslot interface divided from the total distance across the comma-head, was calculated. For the example, 
D= .04, indicating that this particular stroke was 4% of the way across the comma-head. This process was 
repeated for every lightning stroke, and a statistical climatology was developed for each cyclone. 
The storms were organized into four groups, which were determined based on general lightning 
stroke locations within the comma-head. Figures 23, 25, 27, 29, and 31 show the mosaic radar from the 
time when the most lightning was detected in each storm. The red boxes in all of the subsequent radar 
figures represent the general locations of where the lightning was occurring in the storm from an hour 
before the image through an hour after. For the storms that had multiple hours of lightning, the boxes only 
represent the time of the greatest density of lightning strokes, and not all the strokes that occurred in the 
cyclone. The panels were grouped by the general lightning stroke locations in the storms and the overall 
coverage of the comma-head. Figures 24, 26, 28, 30, and 32 are the corresponding graphs of the lightning 
recorded for each cyclone. The x-axis is the ratio D calculated for each stroke, organized into 5% 
increments with the label representing the middle of the 5% increment. The y-axis is total number of 
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strokes for each 5% increment. To distinguish categories with a single stroke with those that did not have 
any strokes, a value of 1.05 was used on the logarithmic scale so a representation would be visible. 
The first group shown in Figs. 23 and 24 included storms where most of the lightning detected in 
the comma-head region was on the front edge, right along the comma-head/dryslot interface. This group 
includes the most electrically active storm in the climatology, the 11 February 2009 cyclone. Figure 24 
shows the corresponding lightning associated with these four cyclones. The 8 March 2009 cyclone and 
the 11 February 2009 cyclones had hundreds of strokes between them, while the two November 2009 
cyclones had relatively few strokes. The 24 November 2009 cyclone (Figure 23c) was the second case 
study conducted, though the lightning in the case study was associated with a band northeast of the 
circulation center, and thus was not included in the lightning count for the climatology. The 8 March 2009 
cyclone‟s lightning (Fig. 23a) occurred in the far southern portion of the comma-head region where just 
one or two lines of cells were present. The graph showing multiple lightning strokes more than halfway 
across the comma-head in Fig. 24a appears that way because the width of the comma-head echo at the 
point of the lightning was small. In that case, the lightning occurred in the back half (Ratio D greater than 
.5) of the single band of convection that made up the southern tip of the comma-head. The 24 November 
2009 and 16 November 2009 cyclones had relatively small numbers of lightning strokes. 
The second group shown in Figs. 25 and 26 was the cyclones whose wraparound regions were 
extensive, covering over 100 km, with the primary lightning occurring near the wraparound region/dryslot 
interface. Most of the cyclones in this group have clearly defined echo characteristics that define the 
convective and banded parts of the comma-head, and all of them generally have the comma shape to the 
whole storm. This group includes the infamous Groundhog‟s Day Chicago Blizzard of 2 February 2011, 
shown in Fig. 25b. The lightning associated with this group is shown in Figure 26. On average, the 
lightning with these storms have median ratio D‟s around 0.3. There is a wide variety of total lightning 
strokes with this group of storms. The 2 February 2011 cyclone produced 1,048 detected lightning strokes 
(Fig. 26b), while the 1 December 2007 cyclone (Fig. 26f) only produced 3 lightning strokes. This group 
also includes the 9 December 2009 cyclone (Fig. 25c), which was the first PLOWS case study.  
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Figure 27 shows the radar images from the third group of cyclones. The comma-head regions of 
these cyclones are not as expansive as group 2. However, the lightning locations for these six storms is 
the same as group 2, primarily occurring along the dry slot/comma-head interface. Figure 28 is the 
lightning graph associated with group 3‟s cyclones. The cyclones that produced the most lightning in this 
group, the 18 February 2009 cyclone and the 4 March 2008 cyclone (Figures 27a and 27d) were two 
storms where the lightning was associated with the southernmost cells of convection in the comma-head 
region. When the lightning was associated with more convective bands, such as the 29 March 2009, 16 
November 2010, and the 1 January 2008 cyclones, the number of total lightning strokes was about an 
order of magnitude lower. The 2 December 2009 cyclone (Fig. 27f) only produced lightning briefly with a 
single cell near Memphis, TN. 
Group 4‟s mosaic radar images are shown in Fig. 29. These cyclones are characterized by 
lightning that is much farther back into the comma-head region than the other groups. All of the cyclones 
in this group are well-organized, with distinguishable convective and stratiform regions of the comma-
head. Most of the lightning with this group struck near the boundary between the convective and 
stratiform regions of the comma-head or associated with the southernmost band in the stratiform region. 
Figure 5 shows a vertical time section through the comma-head of the 9 December 2009 cyclone to 
exemplify the differences between these two regions. The time mark 0315 UTC on the figure is the 
boundary between the convective and stratiform regions for this storm. The boundary between the regions 
marks the northernmost extent of the upper-level dry air associated with the dry slot. The forcing along 
the frontal interface in the upper levels between the moist air mass in the stratiform region and the 
advancing dry air that characterizes the upper levels of the convective region may have produced the 
stronger elevated convection to trigger the lightning farther back in the comma-head. Compared with the 
other groups, lightning is much rarer with these kinds of events, as seen in Fig. 30. The 11 January 2008 
cyclone featured in Figs. 29e and 30e had the most lightning in this group of cyclones. However, the 
lightning occurred in northern Lower Michigan, and lake-enhancement could be a contributing factor to 
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the instability that generated the lightning. On average, these storms had lightning that occurred 50% of 
the way across the comma-head. 
The last storm analyzed for the climatology occurred on 24 January 2010. It is shown in Figs. 31 
and 32. This storm was unlike the others for two reasons. First, the storm was a cyclone embedded within 
a second cyclone. The cold frontal precipitation extends from Wisconsin into Mississippi from a storm 
moving into Canada. The storm system producing the lighting was a secondary low that formed over 
Arkansas and is centered in south central Missouri at the time of the radar image in Fig. 31. Second, the 
lightning in the wraparound region was concentrated near Springfield, MO on the back side of the 
wraparound precipitation. These two factors made this storm difficult to characterize. 
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Chapter 5: Conclusions 
Two case studies and a climatology of four winter seasons of cyclones were conducted to better 
understand the nature of charging in the comma-head region. The two storms were chosen for the case 
studies because the EFM was operational and detecting changes in the surface electric field. Both storms 
analyzed had complete datasets of MIPS 915 MHz profiler data of W, SW, and SNR which helped to 
better understand the structures in the clouds responsible for the changes noted in the surface electric field 
measured by the EFM. The 4 seasons of storms analyzed in the climatology all had at least one lightning 
stroke detected by the NLDN in the comma-head region. Ratios of distance of the lightning stroke from 
the 15 dBZ radar echo representing the comma-head/dry slot interface divided by the total width of the 
comma-head were calculated. Storms were grouped based on the location within the comma-head region 
where most of the lightning in the storms occurred. 
The two case studies of the storms that occurred on 9 December 2009 and 24 November 2009 
revealed the nature of bands and cells that produce lightning, compared with ones that do not. 915 MHz 
profiler imagery during those two case studies showed that high W values greater than 2 m/s near cloud 
top were present during fluctuations in the surface electric field. When those W values approached 4 m/s 
or greater, along with SW values greater than 5 m/s, lightning discharges were noted near the PLOWS 
equipment. Unfortunately, none of the other PLOWS cases featured lightning strokes close enough to the 
EFM to elicit a response, so future observational studies will be necessary to expand the dataset of cases 
with an EFM recording variability in the surface electric field when lightning struck nearby. When 
lightning occurred within 10 km of the EFM, there was a large, nearly instantaneous jump in the electric 
field, with the magnitude of the jump corresponding with the proximity of the lightning stroke to the 
EFM. The lightning stroke at 1401 UTC, which struck the ground approximately 100 m from the MIPS 
produced the greatest jump in the electric field. The stroke at 1410 UTC was an IC stroke detected 10 km 
away from the EFM by the NLDN. The signal from that stroke lead to a response in the electric field that 
was just above the noise of the instrument, showing the range the electric field is affected by a single 
lightning stroke. All of the cells and bands analyzed in the convective region of the comma-head in the 9 
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December 2009 cyclone that passed over the EFM caused surface electric field fluctuations during each 
band passage, even when lightning did not occur. 
 The stratiform part of the comma-head region appeared not to have sufficiently large SW values. 
SW values measured by the profiler in the stratiform region were not high enough to indicate there were 
enough size differential and/or turbulence within the sampled column to induce much, if any change in 
the surface electric field. The lightning that struck near the PLOWS equipment in the 24 November 2009 
cyclone was associated with a band with approximately 2ºC\km of equivalent potential temperature 
decrease over 4 km through the cloud. This potential instability was caused by the dry air of the dryslot 
overrunning the moist air associated with the storm. Comparatively speaking, the band at 0200 UTC 9 
December 2009 that was also analyzed for potential instability in the vicinity of the band only had peak 
potential instability of 1ºC/km over a 2 km vertical distance, and did not produce lightning. This is despite 
the lower levels being supersaturated with respect to ice. The 9 December 2009 storm showed that there 
can be heavy frozen precipitation falling, but have minimal effect on the surface electric field, as 
evidenced by the precipitation at 2200-2300 UTC 8 December 2009. High values of SW greater than 4 
m/s and W greater than 3 m/s in strong updrafts near cloud top were concurrent with the highest 
variability with time of the surface electric field. 
In the climatology of 22 storms where lightning was detected by the NLDN in the comma-head 
over 4 winter seasons, 16 of the cyclones had most of their lightning in the convective region of the 
cyclone. In general, each storm varied considerably in terms of the amount of lightning and where the 
lightning struck inside the comma-head. However, when forcings external to those directly caused by the 
storm, such as lake effects and topography, were removed, the most of the lightning occurred on the 
equatorial, convective portion of the comma-head. 
Most lightning occurred with dry slot convection and comma-head interface lightning, including 
the two most electrically active storms in the climatology, 11 February 2009 and 2 February 2011, which 
both had over 1,000 strokes each in the comma-head. Lightning was the least frequent within bands along 
the boundary between the stratiform and convective regions of the comma-head. One out of the five 
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storms in this group had over 100 lightning strokes, and most of those strokes might be attributed to lake-
enhancement. Most of the lightning with bands occurred near the same time and place as one another, 
indicating isolated convective enhancement within the bands. 
Future research would include analyzing other storms where lightning struck near an operating 
EFM to determine if the characteristics seen with the 24 November 2009 case recur in a different storm. 
Another goal would be to include case studies of storms where the surface electric field did not change 
appreciably during the storm to ensure that W values do not exceed 4 m/s at the same time that SW values 
exceed 5 m/s. In the climatology, adding storms from other winter seasons, including the rest of the 
winter 2008-2009 would add to the statistical significance of the results. Comparing the structures of 
storms that did not produce any lightning detected by the NLDN would help in improving future 
forecasting of lightning in the comma-head regions.  
  
26 
 
Chapter 6: Bibliography 
 
Beard, K.V., and H.T. Ochs, 1986: Charging mechanisms in clouds and thunderstorms. In The Earth’s 
Electrical Environment,  National Acad. Press, Washington, D.C., 114-130. 
Bennetts, D.A., and B.J. Hoskins, 1979: Conditional Symmetric Instability- a possible explanation for 
frontal rainbands. Quart. J. R. Met. Soc., 105, 945-962. 
Biagi, C. J., K. L. Cummins, K. E. Kehoe, and E. P. Krider, 2007: National Lightning Detection Network 
(NLDN) performance in southern Arizona, Texas, and Oklahoma in 2003–2004. 
J.Geophys.Res.,112, D05208,doi:10.1029/2006JD007341 
Browning, K.A., 1985: Conceptual models of precipitation systems. Meteor. Mag., 114, 293-319. 
Buser, O., and A.N. Aufdermaur, 1977: Electrification by collision of ice particles on ice or metal targets, 
in Electrical Processes in Atmospheres, N. Dolezalek and R. Reiter, eds., Steinkopff, Darmstadt, 
294-301. 
Colman, B.R., 1990a: Thunderstorms above Frontal Surfaces in Environments without Positive CAPE. 
Part I: A Climatology. Mon. Wea. Rev. 118, 1103-1121. 
———, B.R., 1990b: Thunderstorms above Frontal Surfaces in Environments without Positive CAPE. 
Part II: Organization and Instability Mechanisms. Mon. Wea. Rev. 118, 1123-1144. 
Cronce, M., R.M. Rauber, K.R. Knupp, B.F. Jewett, J.T. Walters, D. Phillips 2007: Vertical Motions in 
Precipitation Bands in Three Winter Cyclones. J. Appl. Met. And Climo., 46,  1523-1543. 
Crowe, C., P.S. Market, B.P. Pettegrew, C. Melick, J. Podzimek 2006: An investigation of thundersnow 
and deep snow accumulations. Geophys. Res. Lett. 33, L24812, doi:10.1029/2006GL028214. 
Cummins, K. L., M. J. Murphy, E. A. Bardo, W.L. Hiscox, R. B. Pyle, and A.E. Pifer, 1998:A combined 
TOA/MDF technology upgrade of the U.S. National Lightning Detection Network. J. Geophy. 
Res,. 103, 9035-9044. 
Davis, C.A., 1992: A potential-vorticity diagnosis of the importance of initial structure and 
condensational heating in observed extratropical cyclogenesis. Mon. Wea. Rev., 119, 1929-1953. 
Ebert, R.L., 2004: Case Study of an Anomalous, Long-lived Convective Snowstorm. Thesis, Department 
of Soil, Environmental, and Atmospheric Sciences, University of Missouri-Columbia, 84. 
Emanuel, K.A., 1988: Observational Evidence of Slantwise Convective Adjustment. Mon. Wea. Rev. 116, 
1805-1816. 
Gaskell, W., and A.J. Illingworth, 1980: Charge transfer accompanying individual collisions between ice 
particles and its role in thunderstorm electrification, Q.J.R. Meteorol. Soc.,106, 841-854. 
———, 1981: A laboratory study of the inductive theory of thunderstorm electrification. Q.J.R. Meteorol. 
Soc. 107, 955-966.  
Halcomb, C.E., 2001: Case Studies on Midwestern Thundersnow Events. Thesis, Department of Soil, 
Environmental, and Atmospheric Sciences, University of Missouri-Columbia, 101. 
Holle, R. L., and A.I. Watson, 1996: Lightning during two central U.S. winter precipitation events, Wea. 
Forecasting, 11, 599-614 
Jennings, S.G., 1975: Electrical charging of water drops in polarizing electric fields. J. Electrostatics, 1, 
15-25. 
Market, P.S., and A.E. Becker, 2009: A study of lightning flashes attending periods of banded snowfall. 
Geophysical Research Letters, 36, 1-5. 
———, A.M. Oravetz, D. Gaede, E. Bookbinder, A.R. Lupo, C.J. Melick, L.L. smith, R. Thomas, R. 
Redburn, B.P. Pettegrew, A.E. Becker, 2006: Proximity Soundings of thundersnow in the central 
United States. J. Geophysical Research, 111, D19208, doi:10.1029/2006JD007061. 
Martin, J.E., 1998: The Structure and Evolution of a Continental Winter Cyclone. Part II: Frontal Forcing 
of an Extreme Snow Event. Mon. Wea. Rev., 126, 329-348. 
Moore, J.T., C.E. Graves, S. Ng, J.L. Smith, 2005: A Process-Oriented Methodology Toward 
Understanding the Organization of an Extensive Mesoscale Snowband: A Diagnostic Case Study 
of 4-5 December 1999. Wea. And For., 20, 35-50. 
27 
 
Nicosia, D.J., and R.H. Grumm, 1999: Mesoscale band formation in three major northeastern U.S. 
snowstorms. Wea. Forecasting, 14, 346-368. 
Novak, D.R., B.A. Colle, R. McTaggart-Cowan 2009: The Role of Moist Processes in the Formation and 
Evolution of Mesoscale Snowbands within the Comma Head of Northeast U.S. Cyclones. Mon. 
Wea. Rev., 137, 2662-2686. 
Orville, R.E., 1993: Cloud-to-ground lightning in the blizzard of '93. Geophys. Res. Letters, 20, 1367-
1370. 
Pettegrew, B.P., P.S. Market, R.L. Holle, N.W.S. Demetriades 2008: Analysis of Cloud and Cloud-to-
Ground Lightning In Winter Precipitation. Dissertation, University of Missouri-Columbia, 198. 
——---, P.S. Market, R.A. Wolf, R.L. Holle, and N.W.S. Demetriades 2009: A Case Study of Severe 
Winter Convection in the Midwest. Wea. Forecasting, 24, 121-139. 
Reed, R.J., and Y.H. Kuo, 1988: Numerical simulations of an explosively deepening cyclone in the 
eastern Pacific. Mon. Wea. Rev., 116, 2081-2105. 
Schultz, D. M. and P.N. Schumacher: 1999: The Use and Misuse of Conditional Symmetric Instability. 
Mon. Wea. Rev., 127, 2709-2732. 
Shields, M.T., R.M. Rauber, M.K. Ramamurthy, 1991: Dynamical Forcing and Mesoscale Organization 
of Precipitation Bands in a Midwest Winter Cyclonic Storm. Mon. Wea. Rev., 119,  936-964. 
Stoelinga, M.T., 1996: A potential vorticity-based study of the role of diabatic heating and friction in a 
numerically simulated baroclinic cyclone. Mon. Wea. Rev., 124, 849-874. 
Trapp R.J., D.M. Schultz, A.V. Ryzhkov, R.L. Holle, 2001: Multiscale Structure and Evolution of an 
Oklahoma Winter Precipitation Event. Mon. Wea. Rev., 129, 486-501.  
van den Broeke, M.S., D.M. Schultz, R.H. Johns, J.S. Evans, and J.E. Hales, 2005: Cloud-to-ground 
lightning production in strongly forced, low-instability convective lines associated with damaging 
wind. Wea. Forecasting, 20, 517-530. 
Williams, E., 1991: Comments on “Thunderstorms above frontal surfaces in environments without 
positive CAPE. Part I: A climatology.” Mon. Wea. Rev., 119, 2511-2513.  
  
28 
 
Chapter 7: Figures 
 
 
 
 
Figure 1. Mosaic of WSR-88D radars from 0300 UTC 2 February, 2011. Indicated are the two parts of the 
cyclone‟s comma-head. The red dashed line indicates the boundary between the two halves of the 
cyclone. The black curved arrow indicates the direction of movement of the upper-tropospheric dry air. 
(Radar image courtesy of Iowa Environmental Mesonet- Iowa State University Department of Agronomy)  
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Figure 2. Mosaic of WSR-88D radars taken at 4 hour intervals on 8-9 December 2009. The red dot in 
each image represents where the MIPS equipment was deployed in Clinton, Iowa. (a) 1800 UTC 8 
December 2009, (b) 2200 UTC 8 December 2009, (c) 0200 UTC 9 December 2009, (d) 0600 UTC 9 
December 2009. (Radar images courtesy of Iowa Environmental Mesonet- Iowa State University 
Department of Agronomy)  
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Figure 3. Continental United States image of Mean Sea Level Pressure and 700 hPa Relative Humidity 
shaded above 50% taken at 4 hour intervals on 8-9 November 2009. The red dot in each image represents 
where the MIPS equipment was deployed in Clinton, Iowa. (a) 1800 UTC 8 December 2009, (b) 2200 
UTC 8 December 2009, (c) 0200 UTC 9 December 2009, (d) 0600 UTC 9 December 2009.  
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Figure 4. National Weather Service reported snowfall totals from the 8-9 December 2009 winter storm.  
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Figure 5. The diagram on the right is the La Crosse, WI WSR-88D radar reflectivity factor, with the flight 
track on top. Various points on the diagram that are labeled correspond to the same labeled points in the 
figure on the right. The right figure is a Time-Height cross section from the Wyoming Cloud Radar with 
time on the x-axis and height AGL on the y-axis. Equivalent radar Reflectivity Factor (dBZe) is shown in 
color. The flight leg was approximately north-south. The overlaid contours are θe, ice. The thick black line 
is the 100% RHi contour. The thick blue line is the 70% RHi contour. The dry slot is above the θe, ice 
gradient/upper-level front on the right half of the figure. The stratiform, northern half of the wraparound 
region is on the left hand side of the figure prior to 0315 UTC. The southern, convective half of the 
wraparound region is indicated by the 4 km tall convection emerging above the frontal surface between 
0315 and 0345 UTC. The frontal surface is depicted by the warm frontal symbol. The upper dashed line is 
the lower boundary of the tropopause. The vertical dashed line at about 200 km indicates the boundary 
between the convective and stratiform regions.  
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Figure 6. WSR-88D mosaic at 0335 UTC 9 December 2009. The white line shows the flight track and 
direction of the C-130 aircraft. (Radar image courtesy of Iowa Environmental Mesonet- Iowa State 
University Department of Agronomy)  
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Figure 7. Data from the MIPS instrumentation from 0000 UTC 8 December 2009 through 1800 UTC 9 
December 2009. The red boxes are the three times that were more closely analyzed in Figs. 8, 9, and 11. 
The times between the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical 
radial velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s,  (c) 
Profiler time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill (EFM) 
measurements of surface electric field in kV/m.  
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Figure 8. Data from the MIPS instrumentation from 2200 UTC through 2300 UTC 8 December 2009. The 
times between the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical radial 
velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s. The lines are the 
approximate elevations of the 0ºC, -10ºC, and -20ºC isotherms from the closest PLOWS sounding in time.  
(c) Profiler time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill (EFM) 
measurements of surface electric field in kV/m.  
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Figure 9. Data from the MIPS instrumentation from 0200 UTC through 0300 UTC 9 December 2009. The 
times between the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical radial 
velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s. The lines are the 
approximate elevations of the 0ºC, -10ºC, and -20ºC isotherms from the closest PLOWS sounding in time.  
(c) Profiler time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill (EFM) 
measurements of surface electric field in kV/m on the y-axis and time on the x-axis.  
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Figure 10. Time/Distance- Height cross sections from the 0100 UTC 9 December 2009 RUC 1 hour 
forecast, overlaid with the profiler SNR in dB. 0 km is the profiler location used for superimposition of 
the RUC model data. For the RUC contours, positive distance is towards 305º, Negative distance towards 
125º. Time is from 0000 through 0400 UTC 9 December 2009 for the profiler. The plots were transposed 
with the speed of movement of the bands along the cross section used as the scale on which to overlay 
them. (a) cross section of RH ice overlaid with the profiler SNR plot, (b) cross section of θe, ice overlaid with 
the profiler SNR plot.  
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Figure 11. Data from the MIPS instrumentation from 0415 UTC through 0545 UTC 9 December 2009. 
The times between the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical 
radial velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s. The lines 
are the approximate elevations of the 0ºC, -10ºC, and -20ºC isotherms from the closest PLOWS sounding 
in time.  (c) Profiler time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill 
(EFM) measurements of surface electric field in kV/m.  
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Figure 12. University of Missouri sounding launched at the MIPS site at 0538 UTC 9 December 2009. 
The 0 and -20ºC isotherms are highlighted in orange. 
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Figure 13. Mosaic of WSR-88D radars taken at 8 hour intervals on 24 November 2009. The red dot in 
each image represents where the MIPS equipment was deployed in Maxwell, Iowa. (a) 0000 UTC 24 
November 2009, (b) 0800 UTC 24 November 2009, (c) 1600 UTC 24 November 2009, (d) 0000 UTC 25 
November 2009. (Radar image courtesy of Iowa Environmental Mesonet- Iowa State University 
Department of Agronomy) 
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Figure 14. Continental U.S. image of Mean Sea Level Pressure and 700 hPa Relative Humidity shaded 
above 50% taken at 8 hour intervals on 24 November 2009. The red dot in each image represents where 
the MIPS equipment was deployed in Maxwell, Iowa. (a) 0000 UTC 24 November 2009, (b) 0800 UTC 
24 November 2009, (c) 1600 UTC 24 November 2009, (d) 0000 UTC 25 November 2009.  
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Figure 15. 500 hPa geopotential height taken at 8 hour intervals on 24 November 2009. (a) 0000 UTC 24 
November 2009, (b) 0800 UTC 24 November 2009, (c) 1600 UTC 24 November 2009, (d) 0000 UTC 25 
November 2009. 
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Figure 16. Data from the MIPS instrumentation from 0300 UTC 24 November 2009 through 2100 UTC 
24 November 2009. The red boxes are the two times that were more closely analyzed in Figs. 18 and 21. 
The times of the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical radial 
velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s,  (c) Profiler 
time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill (EFM) 
measurements of surface electric field in kV/m on the y-axis and time on the x-axis.  
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Figure 17. Mosaic of WSR-88D radars taken on 24 November 2009. The red dot in each image represents 
where the MIPS equipment was deployed in Maxwell, Iowa. (a) 1405 UTC 24 November 2009, (b) 2000 
UTC 24 November 2009. The red dots indicate the MIPS equipment location in Maxwell, IA. (Radar 
image courtesy of Iowa Environmental Mesonet- Iowa State University Department of Agronomy)  
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Figure 18. Data from the MIPS instrumentation from 1230 UTC through 1430 UTC 24 November 2009. 
The times between the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical 
radial velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s. The lines 
are the approximate elevations of the 0ºC, -10ºC, and -20ºC isotherms from the closest PLOWS sounding 
in time.  (c) Profiler time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill 
(EFM) measurements of surface electric field in kV/m.  
46 
 
 
 
 
Figure 19. University of Missouri sounding launched at the MIPS site at 1432 UTC 24 November 2009. 
The 0 and -20ºC isotherms are highlighted in orange. 
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Figure 20. Time/Distance- Height cross sections from the 1300 UTC 24 November 2009 RUC 1 hour 
forecast, overlaid with the profiler SNR in dB. 0 km is the profiler location at the validation time of the 
RUC. For the RUC contours, positive distance is towards 340º, Negative distance towards 160º. Time is 
from 1130 through 1630 UTC 24 November 2009 for the profiler. The plots were transposed using the 
speed of movement of the bands along the cross section. (a) cross section of RH ice overlaid with the 
profiler SNR plot, (b) cross section of θe, ice overlaid with the profiler SNR plot.  
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Figure 21. Data from the MIPS instrumentation from 1730 UTC through 2000 UTC 24 November 2009. 
The times of the 4 panels are the same. (a) 915 MHz profiler time-height cross section of vertical radial 
velocity (W) in m/s, (b) Profiler time-height cross section of spectral width (SW) in m/s. The lines are the 
approximate elevations of the 0ºC, -10ºC, and -20ºC isotherms from the closest PLOWS sounding in time.  
(c) Profiler time-height cross section of signal-to-noise ratio (SNR) in dB, (d) Electric field mill (EFM) 
measurements of surface electric field in kV/m.  
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Figure 22. Example of the process of determining lightning stroke distance ratios across the comma-head. 
(a) Overview of the comma-head with the mosaic radar from 1835 UTC 11 February 2009 with NLDN 
lightning strikes recorded from 1821 through 1836 UTC, (b) measure the leading edge of the comma-head 
precipitation, noting the 183º heading. Line A is the orientation of the leading edge of the comma-head 
precipitation, (c) measure from the strike location to the leading edge of the comma-head, with the 
heading of the line perpendicular to the line A. Line B is the distance, with a length of 16.14 km for the 
CG strike with a -4.00 polarity, (d) measure the width of the entire wraparound region (line C) with a 
heading perpendicular to that of line A. Line C in this example is 392.35 km long. 
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Figure 23. Radar mosaic images for the cyclones in group 1. The red boxes indicate the general area 
where most of the lightning in the cyclone struck for a 2 hour period from an hour before until an hour 
after the radar image. (a) 1500 UTC 8 March 2009, (b) 1900 UTC 11 February 2009, (c) 0230 UTC 24 
November 2009, (d) 1600 UTC 16 November 2009. 
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Figure 24. Lightning graphs for the cyclones in group 1. The x-axis is the ratio calculated for each 
lightning stroke. Ratios are organized into 5% bins with the labels being the middle of each bin. The y-
axis is the number of lightning strokes assigned to each bin on a logarithmic scale. (a) 8 March 2009 
cyclone, 352 total strokes were detected in the comma-head.  (b) 11 February 2009 cyclone, 1,829 total 
strokes were detected in the comma-head, (c) 24 November 2009 cyclone, 17 total strokes were detected 
in the comma-head, (d) 16 November 2009 cyclone, 46 total strokes were detected in the comma-head. 
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Figure 25. Radar mosaic images for the cyclones in group 2. The red boxes indicate the general area 
where most of the lightning in the cyclone struck for a 2 hour period from an hour before until an hour 
after the radar image. (a) 0900 UTC 25 February 2011, (b) 0400 UTC 2 February 2011, (c) 0400 UTC 9 
December 2009, (d) 1145 UTC 6 February 2008, (e) 1200 UTC 13 November 2010, (f) 2340 UTC 1 
December 2007.  
53 
 
 
 
 
Figure 26. Lightning graphs for the cyclones in group 2. The x-axis is the ratio calculated for each 
lightning stroke. Ratios are organized into 5% bins with the labels being the middle of each bin. The y-
axis is the number of lightning strokes assigned to each bin on a logarithmic scale. (a) 25 February 2011 
cyclone, 70 total strokes were detected in the comma-head.  (b) 2 February 2011 cyclone, 1,048 total 
strokes were detected in the comma-head, (c) 9 December 2009 cyclone, 88 total strokes were detected in 
the comma-head, (d) 6 February 2008 cyclone, 13 total strokes were detected in the comma-head, (e) 13 
November 2010 cyclone, 104 total strokes were detected in the comma-head, (f) 1 December 2007 
cyclone, 3 total strokes were detected in the comma-head.  
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Figure 27. Radar mosaic images for the cyclones in group 3. The red boxes indicate the general area 
where most of the lightning in the cyclone struck for a 2 hour period from an hour before until an hour 
after the radar image. (a) 1400 UTC 18 February 2009, (b) 0800 UTC 29 March 2009, (c) 2035 UTC 16 
November 2010, (d) 1500 UTC 4 March 2008, (e) 0830 UTC 1 January 2008, (f) 1850 UTC 2 December 
2009. 
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Figure 28. Lightning graphs for the cyclones in group 3. The x-axis is the ratio calculated for each 
lightning stroke. Ratios are organized into 5% bins with the labels being the middle of each bin. The y-
axis is the number of lightning strokes assigned to each bin on a logarithmic scale. (a) 18 February 2009 
cyclone, 348 total strokes were detected in the comma-head.  (b) 29 March 2009 cyclone, 57 total strokes 
were detected in the comma-head, (c) 16 November 2010 cyclone, 3 total strokes were detected in the 
comma-head, (d) 4 March 2008 cyclone, 297 total strokes were detected in the comma-head, (e) 1 
January 2008 cyclone, 6 total strokes were detected in the comma-head, (f) 2 December 2009 cyclone, 6 
total strokes were detected in the comma-head.  
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Figure 29. Radar mosaic images for the cyclones in group 4. The red boxes indicate the general area 
where most of the lightning in the cyclone struck for a 2 hour period from an hour before until an hour 
after the radar image. (a) 0830 UTC 1 February 2008, (b) 0300 UTC 12 December 2010, (c) 0600 UTC 
16 December 2007, (d) 1130 UTC 17 February 2008, (e) 0330 UTC 11 January 2008. 
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Figure 30. Lightning graphs for the cyclones in group 4. The x-axis is the ratio calculated for each 
lightning stroke. Ratios are organized into 5% bins with the labels being the middle of each bin. The y-
axis is the number of lightning strokes assigned to each bin on a logarithmic scale. (a) 1 February 2008 
cyclone, 18 total strokes were detected in the comma-head.  (b) 12 December 2010 cyclone, 32 total 
strokes were detected in the comma-head, (c) 16 December 2007 cyclone, 3 total strokes were detected in 
the comma-head, (d) 17 February 2008 cyclone, 5 total strokes were detected in the comma-head, (e) 11 
January 2008 cyclone, 119 total strokes were detected in the comma-head.  
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Figure 31. Radar mosaic image for the 24 January 2012 cyclone. The red box indicates the general area 
where most of the lightning in the cyclone struck for a 2 hour period from an hour before until an hour 
after the radar image. 
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Figure 32. Lightning graph for the 24 January 2010 cyclone. The x-axis is the ratio calculated for each 
lightning stroke. Ratios are organized into 5% bins with the labels being the middle of each bin. The y-
axis is the number of lightning strokes assigned to each bin on a logarithmic scale. 6 total strokes were 
detected in the comma-head of this cyclone. 
 
